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Introduction {#sec001}
============

To provide host protection against pathogens, CD4+ T cells differentiate into several distinct lineages that confer specific effector functions. For instance, viral or intracellular pathogens typically induce protective Th1 responses, while helminth parasites induce Th2 responses. Follicular T helper (Tfh) cells are a T helper cell lineage whose major function is to help B cells form germinal centers (GCs) and produce high-affinity antibodies (Abs) \[[@pone.0155040.ref001], [@pone.0155040.ref002]\]. Commitment of naïve T cells to these different effector lineages is highly dependent on the cytokines present in the immunological milieu. Cytokine receptor signaling activates specific transcription factor pathways, and the Stat4-Tbet, Stat6-Gata3 and Stat3-Rorγt pathways promote Th1, Th2 and Th17 cell differentiation respectively \[[@pone.0155040.ref003]\]. Tfh cells are driven by the transcription repressor Bcl6, which is induced downstream of Stat1, Stat3 or Stat4 activation \[[@pone.0155040.ref004]--[@pone.0155040.ref008]\]. Tfh cells control the initiation as well as the outcome of the GC B cell response. While Tfh cells are critical for the proper production of Abs, the over-production of Tfh cells can lead to autoimmunity, since Tfh cells can help B cells to produce self-reactive Abs \[[@pone.0155040.ref009]--[@pone.0155040.ref011]\]. Thus, the proper regulation of Tfh and GC B cell responses is essential both for normal immune function and for preventing autoimmune disease.

Foxp3 expressing regulatory T cells (Tregs) repress the activation, proliferation and function of effector T helper cells during immune responses and are critical to restrain autoimmune responses. In both humans and mice, deficiency of Foxp3 results in a fatal multi-organ autoimmune disorder. Specifically, Foxp3-mutant *Scurfy* mice have uncontrolled T cell proliferation and drastically elevated inflammation mediated by Th1, Th2 and Th17 responses as well as exacerbated production of autoreactive antibodies \[[@pone.0155040.ref012], [@pone.0155040.ref013]\]. Previous studies showed multiple subsets of Treg cells possess unique regulatory properties to repress corresponding pathological immune responses. For example, Tbet controls Treg functions during Th1 mediated inflammation \[[@pone.0155040.ref014]\]. IRF4 in Treg cells is important for regulation of Th2 responses \[[@pone.0155040.ref015]\]. Deletion of Stat3 in Treg cells results in dysregulation of Th17 responses \[[@pone.0155040.ref016]--[@pone.0155040.ref018]\]. More recently, a subpopulation of Foxp3+ Treg cells has been found with Tfh-like properties that appears to act as suppressors of the GC response \[[@pone.0155040.ref019]--[@pone.0155040.ref021]\]. These regulatory follicular T cells or "Tfr" cells depend on Bcl6 for differentiation and chemokine receptor CXCR5 to localize to the B cell follicle and the GC \[[@pone.0155040.ref019]--[@pone.0155040.ref021]\].

Ding *et al* revealed that IL-21, which activates Stat3 signaling, can suppress Tfr cell differentiation in BXD2 autoimmune mice \[[@pone.0155040.ref022]\]. At the same time, IL-6-Stat3 and IL-21-Stat3 signaling can promote Tfh cell differentiation by induction of Bcl6 expression \[[@pone.0155040.ref006], [@pone.0155040.ref008], [@pone.0155040.ref023]\]. It is therefore important to determine whether Stat3 promotes or inhibits Tfr cell development. Treg cells tend to adopt part of the transcriptional program of the specific T helper cell subsets they regulate. Therefore, the requirement for Stat3 in Treg cells to suppress Tfh cell mediated humoral responses is of particular interest. Previous studies show that in Peyer's patches (PPs), Tfr cells, Tfh cells and Th17 cells all function to promote the production of IgA antibodies, which in turn act to maintain bacterial diversity at the mucosal barrier in the gut \[[@pone.0155040.ref024], [@pone.0155040.ref025]\]. However, the role of Stat3 in the regulation of gut immune responses by Treg cells is not clear.

Here, we found that Stat3 is essential for Tfr cell differentiation both in spleen following antigen immunization and in PPs. Deletion of Stat3 causes a much more severe defect in Tfr cell differentiation than in Tfh cell differentiation. Interestingly, loss of Tfr cells in Stat3^fl/fl^Foxp3^cre^ mice has no gross effect on the size of Tfh or GC B cell population after immunization, but does lead to increased production of antigen-specific IgG antibodies. In addition, Stat3 function in Treg cells is not required for normal levels of IgA and IgG1 class switching in GC B cells in the gut.

Materials and Methods {#sec002}
=====================

Mice and immunizations {#sec003}
----------------------

Stat3^fl/fl^ mice were crossed with CD4-cre transgenic mice or Foxp3-YFP-cre mice. Bcl6^fl/fl^ mice were crossed with Foxp3-YFP-cre mice. Foxp3-YFP-cre mice and B6.SJL-PrprcaPepcb/BoyJ (BoyJ) mice were purchased from The Jackson Laboratory (JAX). For Stat3^fl/fl^CD4^cre^ (Stat3CD4KO) mice, littermate Stat3^fl/fl^CD4^+^ mice were used as WT control. For Stat3^fl/fl^Foxp3^cre^ (Stat3FC), littermate Foxp3^cre^ mice were used as WT control. Mice were bred under specific pathogen-free conditions at the laboratory animal facility at Indiana University School of Medicine (IUSM), and were handled according to protocols approved by the IUSM Animal Use and Care Committee (IACUC). The animal facility carries the NIH animal welfare assurance number A4091-01. Mice were not subjected to any pain or distress greater than injection, and all efforts were taken to minimize animal suffering. Mice were euthanized by CO~2~ asphyxiation, the preferred method by our internal review board. For sheep red blood cell (SRBC) immunization, mice were intraperitoneally (i.p.) injected with 1 x 10^9^ SRBCs (Rockland Immunochemicals) and were sacrificed at the indicated day.

Flow cytometry reagents {#sec004}
-----------------------

Anti-CXCR5 (2G8) and GL7 (GL7) Abs were from BD Biosciences. Fixable viability dye, anti-CD38 and anti-Foxp3 (FJK-16s) Abs were from eBioscience. Anti-CD4 (GK1.5), anti-B220 (RA3-6B2), anti-CD45.1 (A20), anti-PD-1 (29F.1A12), anti-IgG1 (RMG1-1) and anti-IgA (RMA1) were from Biolegend.

Cell staining for flow cytometry {#sec005}
--------------------------------

After red blood cell lysis, total spleen cells were incubated with anti-mouse CD16/CD32 (BioXcell) for 5 minutes at RT, followed by surface staining for the indicated markers. For intracellular transcription factor staining, after surface markers were stained, cells were fixed and stained with antibodies against transcription factors by following Foxp3 fixation kit (eBioscience) instructions. Cell events were collected on an LSRII flow cytometer (Becton Dickonson).

Peyer's patch (PP) isolation {#sec006}
----------------------------

PP's were cut using scissors from the small intestine and incubated for 10 mins at 37°C in PBS containing 1% FBS, 4mM EDTA and 15 mM HEPES (PH 7.2). PP's were washed twice, with vigorous vortexing before spinning, in PBS. Soluble cell debris in supernatants was removed after centrifugation. Isolated PPs were broken apart between two frosted glass microscope slides to generate single cell suspension for flow cytometry staining or ICS described above.

Bone marrow chimeras {#sec007}
--------------------

Recipient CD45.1+ BoyJ mice were lethally irradiated with 1,100 Rad and reconstituted with 2x10^6^ a mixture of nucleated bone marrow cells from CD45.2+ WT mice plus CD45.1+ BoyJ mice, or CD45.2+ Stat3CD4KO mice plus CD45.1+ BoyJ mice by i.v. injection. Chimeric mice were immunized with SRBC approximately 12 weeks after reconstitution.

Antibody titer analysis {#sec008}
-----------------------

Antibody titers of SRBC-specific Ig and total Ig in serum were measured by ELISA, similar to previously reported \[[@pone.0155040.ref026]\]. For anti-SRBC Ab analysis, 96 well Nunc-Immuno plates were coated with SRBC membrane protein overnight at 4°C. For anti-mouse IgA, anti-mouse total IgG or anti-mouse IgM Abs, directly peroxidase-conjugated secondary Abs (Sigma-Aldrich) were used. For analysis of IgG1 (A85-1, BD Biosciences), IgG2b (R12-3, BD Biosciences), IgG2c (Abcam) and IgG3 (R40-82, BD Biosciences), biotin-labeled secondary Abs were used along with Avidin-HRP (BD Biosciences). For total Ig isotype analysis, 96 well Nunc-Immuno plates were coated with anti-Ig kappa light chain Ab (187.1, BD Biosciences) diluted in PBS overnight at 4°C. Wells were blocked with 10% FCS and diluted serum was added and incubated at room temperature for 2 h.

Statistical Analysis {#sec009}
--------------------

All data analysis was done using Prism Graphpad software. Unless otherwise stated, Student t test or ANOVA with Tukey post hoc analysis were used. Only significant differences (*p* \< 0.05) are indicated in figures.

Results {#sec010}
=======

Stat3 deficiency in T cells results in a decrease of Tfh cells and a block of Tfr cell differentiation {#sec011}
------------------------------------------------------------------------------------------------------

To test whether Stat3 is required for the differentiation of Tfr cells, we immunized control and Stat3CD4KO mice with SRBC and found that loss of Stat3 severely blocked the differentiation of Foxp3^+^CXCR5^hi^PD1^hi^ Tfr cells ([Fig 1A and 1C](#pone.0155040.g001){ref-type="fig"}). Consistent with our previous results \[[@pone.0155040.ref026]\], in Stat3CD4KO mice, deletion of Stat3 leads to a decrease of Foxp3^-^CXCR5^hi^PD1^hi^ Tfh cell in cell number, but not in percentage ([Fig 1B and 1D](#pone.0155040.g001){ref-type="fig"}). Both Tfh cells and Tfr cells were significantly decreased, however Tfr cells were almost gone whereas 60% of Tfh cells still remained in the absence of Stat3 in T cells. We calculated the relative decrease levels for Tfh and Tfr cells due to deletion of Stat3, and found that the average loss of Tfr cells (\>80% decrease) is much higher than the average loss for Tfh cells (\~40% decrease). These results suggest that Stat3 in CD4 T cells are required for normal Tfh and Tfr cell differentiation, but that Tfr cells are more dependent on Stat3 than Tfh cells.

![Stat3CD4KO mice have impaired Tfh and Tfr cell responses following sheep red blood cell (SRBC) immunization.\
Control and Stat3CD4KO mice were immunized with SRBC via i.p. injection. Spleens were isolated for flow cytometric analysis at 7 days post immunization (dpi). (A and B) Flow cytometry plots of Tfr cells which are CD4+Foxp3+CXCR5^hi^PD-1^hi^ (A) and Tfh cells which are CD4+Foxp3-CXCR5^hi^PD-1^hi^ (B). (C) Tfr cells percentages (left) and numbers (right) gated as in (A). (D) Tfh cells percentages (left) and numbers (right) gated as in (B). Graphs show mean +/- SEM, n = 7. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\* *p* \< 0.001 (student *t* test). Data are combined from two independent experiments.](pone.0155040.g001){#pone.0155040.g001}

The differentiation defect in Tfr cell differentiation is Treg cell intrinsic {#sec012}
-----------------------------------------------------------------------------

The population of GC B cells was dramatically decreased in Stat3CD4KO mice \[[@pone.0155040.ref026]\] and GC B cells are important for Tfh cell differentiation and maintenance \[[@pone.0155040.ref027]\]. Tfr cells may be similarly dependent on B cells, and the loss of Tfr cells in Stat3CD4KO mice could be due to either lack of GC B cell support or loss of intrinsic Stat3 function in the Treg cells. To investigate these possibilities, we generated mixed BM chimeras in which we transferred CD45.1- BM donor cells from WT or Stat3CD4KO mice mixed with CD45.1+ BM donor cells from BoyJ mice into lethally irradiated CD45.1+ BoyJ mice. After 3 months of engraftment ([Fig 2A](#pone.0155040.g002){ref-type="fig"}), we immunized the chimera mice with SRBC and analyzed spleen cells at 7 days post immunization (dpi). Both mice that received WT BM and Stat3CD4KO BM had similar populations of GC B cells (data not shown). Whereas WT donor cells were able to differentiate into Tfr and Tfh cells, Stat3CD4KO donor cells had a severe defect in Tfr and Tfh cells ([Fig 2B--2E](#pone.0155040.g002){ref-type="fig"}). The decrease of Tfr cells (\~80%) was much higher than of Tfh cells (\~60%) in the chimera mice, consistent with the results from the directly immunized WT and Stat3CD4KO mice ([Fig 1](#pone.0155040.g001){ref-type="fig"}). These results suggest that Tfr cell differentiation intrinsically requires Stat3, and that Tfr cell differentiation is more dependent on Stat3 signaling than Tfh cell differentiation.

![Intrinsic defect of Stat3-deficient Tfh and Tfr cell differentiation.\
(A-F) CD45.1^-^ bone marrow (BM) cells from WT or Stat3CD4KO mice mixed with CD45.1^+^ BM cells from BoyJ mice were transplanted into lethally irradiated BoyJ mice. After 3 months, chimera mice were immunized with SRBC via i.p. injection. Spleens were isolated for flow cytometric analysis at 7 dpi. (A) Flow cytometry plots of splenic CD45.1^-^CD4^+^ cells derived from WT or Stat3CD4KO donor BM. (B) Flow cytometry plots of Tfr cells which are CD4+Foxp3+CXCR5^hi^PD-1^hi^ generated from WT (left) and Stat3CD4KO (right) donor BM. (C) Flow cytometry plots of Tfh cells which are CD4+Foxp3-CXCR5^hi^PD-1^hi^ generated from WT (left) and Stat3CD4KO (right) donor BM. (D) Tfr and (E) Tfh cells percentages (left) and numbers (right) gated as in (B) and (C) respectively. Graphs show mean +/- SEM, n = 7--8. \*\*\* *p* \< 0.001 (student *t* test). Data are combined from two independent experiments.](pone.0155040.g002){#pone.0155040.g002}

Loss of Tfr cells does not lead to an increased Tfh cell population in Stat3FC mice {#sec013}
-----------------------------------------------------------------------------------

In order to assess the functional role of Stat3 in Treg cells regulating GC response, we created Stat3^fl/fl^Foxp3^cre^ (Stat3FC) mice, where floxed Stat3 allele is deleted specifically in Foxp3 expressing T cells. In contrast to what was reported in a previous study \[[@pone.0155040.ref016]\], Stat3FC mice are healthy, fertile, do not display abnormal inflammation and have grossly normal immune cell compartments up to at least 5 months of age (data not shown). We immunized WT and Stat3FC mice with SRBC and analyzed Tfh and Tfr cells in spleen at 10 dpi. As expected, the differentiation of Foxp3^+^CXCR5^hi^PD-1^hi^ Tfr cells was strongly diminished in Stat3FC mice ([Fig 3A and 3C](#pone.0155040.g003){ref-type="fig"}). We did not see an increase in the proportion or number of Tfh cells in immunized Stat3FC mice ([Fig 3B and 3D](#pone.0155040.g003){ref-type="fig"}). This result is not unique to SRBC immunization, as Stat3FC mice also had comparable Tfh cell population as control mice did at 25 dpi of SRBC immunization as well as following KLH-Alum immunization (data not shown). We also found a similar phenotype in Bcl6^fl/fl^Foxp3^cre^ (Bcl6FC) mice, where Bcl6 is specifically deleted in Treg cells \[[@pone.0155040.ref028]\]. Bcl6FC mice had a severe depletion of Tfr cells, however they had normal Tfh cell differentiation in spleen after immunization \[[@pone.0155040.ref028]\]. Thus, while Tfr cells are strongly decreased in both Stat3FC and Bcl6FC mice, loss of Tfr cells does not necessarily lead to an enlarged Tfh cell population.

![Loss of Tfr cells in Stat3FC mice does not affect the size of Tfh cell population after SRBC immunization.\
Control and Stat3FC mice were immunized with SRBC via i.p. injection. Spleens were isolated for flow cytometric analysis at 10 dpi. (A and B) Flow cytometry plots of Tfr cells, which are CD4+Foxp3+CXCR5^hi^PD-1^hi^ (A) and Tfh cells which are CD4+Foxp3-CXCR5^hi^PD-1^hi^ (B). (C) Tfr cells percentages (left) and numbers (right) gated as in (A). (D) Tfh cells percentages (left) and numbers (right) gated as in (B). Graphs show mean +/- SEM, n = 9. \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 (student *t* test). Data are combined from three independent experiments.](pone.0155040.g003){#pone.0155040.g003}

Loss of Stat3-dependent Tfr cells does not lead to an increased GC B cell population but increases antigen-specific IgG antibodies {#sec014}
----------------------------------------------------------------------------------------------------------------------------------

Previous reports show Tfr cells can directly inhibit B cell responses \[[@pone.0155040.ref019]--[@pone.0155040.ref021]\]. We next wondered whether this is the case in our Stat3FC mice. Interestingly, at 10 dpi, similar sizes of B220^+^CD38^-^GL7^+^ GC B cell populations were formed both in control and Stat3FC mice ([Fig 4A and 4B](#pone.0155040.g004){ref-type="fig"}). Similar to our observations with Tfh cells, this result of unchanged GC B cell numbers in the absence of Tfr cells was observed at 25 dpi for both SRBC and KLH-Alum immunization (data not shown). This is again consistent with our data from Bcl6FC mice \[[@pone.0155040.ref028]\]. Since the outcome of GC response is the generation of high-affinity antigen-specific isotype-switched antibodies, we next analyzed SRBC-specific IgG serum antibody titers at 10, 15 and 25 dpi by ELISA. We found that, at all the three time points, the titers of anti-SRBC IgG antibodies were significantly increased in Stat3FC mice. The magnitude of the increase in Ab titer for Stat3FC mice became larger over time, and the anti-SRBC IgG antibody titer at 25 dpi showed the largest difference ([Fig 4C](#pone.0155040.g004){ref-type="fig"}). These results indicate that Stat3 is required for Treg/Tfr cells to suppress antigen-specific antibody production. We next analyzed the specific subtypes of IgG Abs increased in Stat3FC mice, as well as whether other types of Abs are controlled by Stat3-dependent Tfr cells. As shown in [Fig 5](#pone.0155040.g005){ref-type="fig"}, the specific IgG subtypes increased in the absence of Stat3-dependent Tfr cells are IgG1 and IgG2b. SRBC-specific IgG2c and IgG3 Abs were detected, but were not increased in Stat3FC mice ([Fig 5](#pone.0155040.g005){ref-type="fig"}). SRBC-specific IgM and IgA responses were elevated in Stat3FC mice but the increase was not significant ([Fig 5](#pone.0155040.g005){ref-type="fig"}). SRBC-specific IgD and IgE responses were not detected in either WT or Stat3FC mice (data not shown). We additionally assessed whether Stat3-dependent Tfr cells controlled basal levels of Ig secretion. As shown in [Fig 6](#pone.0155040.g006){ref-type="fig"}, basal levels of IgM and IgG subtypes were essentially normal in Stat3FC mice. A similar finding was seen with Stat3CD4KO mice ([S1 Fig](#pone.0155040.s001){ref-type="supplementary-material"}), supporting the idea that neither Tfh cells nor Tfr cells control the basal levels of IgM and IgG subtypes.

![Loss of Tfr cells in Stat3FC mice does not affect the size of GC B cell population but increases the anti-SRBC IgG titers after SRBC immunization.\
Control and Stat3FC mice were immunized with SRBC via i.p. injection. Spleens were isolated for flow cytometric analysis at 10 dpi. (A) Flow cytometry plots of GC B cells, which are B220+CD38-GL7+. (B) GC B cells percentages (left) and numbers (right) gated as in (A). (C) Control and Stat3FC mice were immunized with SRBC. Serum samples were collected at 10, 15 and 25 dpi. anti-SRBC IgG titers are shown. The X-axis shows the dilution factors. Graphs show mean +/- SEM, (B) n = 9, (C) n = 5. \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 (student *t* test for B, two-way ANOVA for C). For B, data are combined from three independent experiments. For C, data are representative of three independent experiments with similar results.](pone.0155040.g004){#pone.0155040.g004}

![Tfr cells regulate the production of anti-SRBC IgG1 and anti-SRBC IgG2b.\
Control and Stat3FC mice were immunized with SRBC via i.p. injection. Serum samples were collected at 25 dpi. Anti-SRBC IgM, IgG1, IgG2b, IgG2c, IgG3 and IgA titers are shown. SRBC-specific IgD and IgE were not detectable in the serum. The X-axis shows the dilution factors. Graphs show mean +/- SEM, n = 4. \*\* p \< 0.01, \*\*\* p \< 0.001 (two-way ANOVA). Data are representative of two independent experiments with similar results.](pone.0155040.g005){#pone.0155040.g005}

![Basal titers of serum IgM, IgG1, IgG2b, IgG2c and IgG3 are not altered in Stat3FC mice.\
Serum samples from unimmunized control and Stat3FC mice were collected. IgM, IgG1, IgG2b, IgG2c and IgG3 titers are shown. The X-axis shows the dilution factors. Graphs show mean +/- SEM, n = 3. No significant differences in basal Ig isotype levels were observed by two-way ANOVA. Data are representative of two independent experiments with similar results.](pone.0155040.g006){#pone.0155040.g006}

Stat3 function in Treg cells is also required for Tfr cell differentiation in Peyer's patches {#sec015}
---------------------------------------------------------------------------------------------

A previous study showed that Treg cells can differentiate into Tfh cells in PPs in the small intestine \[[@pone.0155040.ref029]\]. We found that Stat3 is required for both Tfh and Tfr cell differentiation in spleen (Figs [1C, 1D](#pone.0155040.g001){ref-type="fig"}, [2D and 2E](#pone.0155040.g002){ref-type="fig"}). To further investigate the role of Stat3 in Treg cells in PPs, we examined Tfr and Tfh cell differentiation in PPs in Stat3FC mice. In Stat3FC mice, Tfr cell differentiation was severely decreased, but Tfh cell and GC B cell differentiation was left intact ([Fig 7A--7C](#pone.0155040.g007){ref-type="fig"}). These results are unchanged when absolute numbers of these cell populations are analyzed (data not shown). GC B cells switch to IgG1 and IgA at high rates in the PP, and we were able to detect about 20% of PP GC B cells that expressed IgG1 and about 20% that expressed IgA ([Fig 7D and 7E](#pone.0155040.g007){ref-type="fig"}). However, switching to IgG1 and IgA in the PP was not perturbed by the loss of Tfr cells in Stat3FC mice ([Fig 7D and 7E](#pone.0155040.g007){ref-type="fig"}). Overall, these results indicate that Stat3 is required for Tfr formation in the PP, but Stat3-dependent Tfr cells do not grossly affect Tfh or GC B cell numbers or isotype class switching in the PP. Our data show that Tfr cells are almost completely Stat3-dependent for their formation, but that Stat3-dependent Tfr cells have little impact on Tfh and GC B cell proliferation. Overall, Stat3-dependent Tfr cells have relatively subtle roles in fine-tuning the GC and Ab response.

![In Peyer's patches, Treg cell specific Stat3 deletion leads to the loss of Tfr cells and does not have an effect on Tfh, GC B cells, as well as IgG1+ and IgA+ GC B cells.\
PPs from control and Stat3FC mice were isolated and homogenized into single cell suspensions for flow cytometric analysis. The percentages of Tfr cells (A), Tfh cells (B), GC B cells (C), IgA+ GC B cells (D) and IgG1+ GC B cells (E) are shown. Graphs show mean +/- SEM, n = 7. \*\*\* *p* \< 0.001 (student *t* test). Data are combined from two independent experiments.](pone.0155040.g007){#pone.0155040.g007}

Discussion {#sec016}
==========

In this study, we found that Stat3 is required for Tfr cell differentiation in spleen after antigen immunization as well as in PPs that receive constitutive antigen stimulation from gut microbiota. Mice with deletion of Stat3 in Treg cells still have normal differentiation of Tfh and GC B cells, however the production of antigen-specific IgG1 and IgG2b antibodies is strongly increased in these mice. In addition, switching to IgA and IgG1 in PP GC B cells was not affected by the loss of Tfr cells due to Treg-specific Stat3 deletion. Thus, our study has unveiled an essential role for Stat3 in Tfr cell differentiation as well as revealed the complex regulatory function of Tfr cells on antibody production.

Treg cells and effector T cells in a given immune response experience the same immunological microenvironment including cytokine signals, and therefore, similar to effector T cells, Treg cells express certain lineage determining transcription factors, like Bcl6, T-bet, IRF4 and Stat3 \[[@pone.0155040.ref030]\], to promote their lineage-specific suppression function. For Tfr and Tfh cells, they share similar differentiation process, activated by dendritic cells (DCs) in the T cells zone and maintained by B cells in the GC \[[@pone.0155040.ref031]\]. They express similar signature genes, CXCR5, PD-1, ICOS and Bcl6, which indicates that similar upstream genes or signaling might be involved in both Tfr and Tfh cell differentiation. Since the T cell zone and the GC are rich in IL-6 and IL-21, Stat3 signaling is one of the potential lineage determining pathways shared by Tfh cells and Tfr cells. Here we found that, in both an antigen immunization model and in PPs, Stat3 is indispensible for Tfr cell differentiation. In Ding *et al* \[[@pone.0155040.ref022]\], they showed that IL-21 can suppress Tfr cell differentiation while promoting Tfh cell differentiation in BXD2 autoimmune mice. However, since Stat1 and Stat3 can be downstream of IL-21 receptor signaling \[[@pone.0155040.ref032]\], Stat1 may inhibit the differentiation of Tfr cells while Stat3 promotes Tfr differentiation. Another possibility is that chronic inflammation in BXD2 mice causes the expansion of Tfh but not Tfr cells, and thus IL-21 does not truly inhibit Tfr cell differentiation. Of note, our data from chimeric mice suggest that Tfr cells are intrinsically more dependent on Stat3 signaling for differentiation than Tfh cells. Our data indicate that in Stat3-deficient Foxp3-- CD4 cells, Bcl6 still can be up-regulated by Stat1 or Stat4 to allow significant Tfh cell differentiation. However, in Stat3-deficient Treg cells, Stat1 or Stat4 cannot compensate the Tfr cell differentiation defect in the absence of Stat3.

Chaudhry *et al* reported that Treg cell specific deletion of Stat3 in mice can lead to severe autoimmune diseases in multiple organs by 12--14 weeks of age \[[@pone.0155040.ref016]\]. However, similar to what was observed with Kluger et al \[[@pone.0155040.ref017], [@pone.0155040.ref018]\], our Stat3FC mice are healthy, fertile, have normal sized lymphoid organs and do not display abnormal inflammation up to 5 months of age. One difference with our work and Chaudry et al is that we use different strains of Stat3^fl/fl^ mice. Exons 16--21 of Stat3 locus are floxed in our Stat3^fl/fl^ mice \[[@pone.0155040.ref033]\], whereas exons 21--22 are floxed in Chaudhry *et al*'s Stat3^fl/fl^ mice \[[@pone.0155040.ref034]\]. However, both types of Stat3 deletions lead to complete loss of Stat3 function \[[@pone.0155040.ref033], [@pone.0155040.ref034]\]. Thus, a likely explanation is that different housing conditions, differences in specific pathogen-free conditions or differences in endogenous flora in the animal facilities lead to phenotypic differences for similar strains of mutant mice \[[@pone.0155040.ref035]\].

Our data here with Stat3FC mice helps explain some of the findings of Kluger *et al*, who used similar mice with conditional deletion of Stat3 by Foxp3-cre to investigate autoimmune kidney disease \[[@pone.0155040.ref017], [@pone.0155040.ref018]\]. For ease of discussion, we will also term these Kluger *et al* conditional Stat3 knockout mice as "Stat3FC". In one study with these mice, crescentic glomerulonephritis (CGN) was induced by injection of nephrotoxic sheep serum \[[@pone.0155040.ref017]\]. In this study, higher levels of disease were seen in the Stat3FC mice, along with elevated levels of sheep Ig-reactive IgG2b and IgG2c. Our data presented here indicate that these increased IgG responses were likely due to the loss of Tfr cells. Interestingly, IgG2b was elevated in Stat3FC mice in both our study and the sheep serum study \[[@pone.0155040.ref017]\], and IgG2b switching is known to be promoted by TGF-beta signaling \[[@pone.0155040.ref036]\]. Increased TGF-beta was observed in the Stat3FC mice by Kluger et al \[[@pone.0155040.ref017]\], which may explain the increased IgG2b responses in these mice. In a second study, pristane was used to induce lupus-like nephritis \[[@pone.0155040.ref018]\]. In contrast to the CGN study \[[@pone.0155040.ref017]\], auto-immune Abs induced by pristane were similar or significantly lower in StatFC mice compared to controls, despite increased kidney disease, increased Th17 responses and greatly increased death from pulmonary vasculitis in the Stat3FC mice \[[@pone.0155040.ref018]\]. The question then arises: why weren't increased IgG responses seen in the pristane model? We have data that the repressive function of Stat3-dependent Tfr cells on IgG responses can depend on the type of antigen used. We tested an HIV gp120 prime-boost immunization model in the Stat3FC mice but observed no differences in overall anti-gp120 IgG titer or affinity (data not shown). The HIV gp120 immunization model involves multiple injections over several months \[[@pone.0155040.ref028], [@pone.0155040.ref037]\], and like pristane injection, is more like a chronic immune response than an acute immunization response. Thus, Stat3-dependent Tfr cells may play a more critical role in limiting Ig production during acute immune responses than in chronic immune responses. We should note that we attempted to induce auto-Abs in our StatFC mice with pristane, but observed pervasive and fatal toxicity shortly after injection (data not shown). This result may be related to the specific C57BL/6 inbred mouse strain background we used for the Stat3FC mice.

Other studies on Tfr cells have observed increased Tfh and GC B cell responses in the absence of Tfr cells \[[@pone.0155040.ref019]--[@pone.0155040.ref021]\]. However, our Stat3FC mice have normal sizes of Tfh and GC B cell populations both in spleen after immunization and in PPs. Our findings here showing limited Tfr cell effects on Tfh and GC B cells are consistent with a separate study of Tfr cell function we conducted using Bcl6FC mice. Bcl6FC mice also have a severe loss of Tfr cells yet have similar sizes of Tfh and GC B cell populations compared to their WT controls \[[@pone.0155040.ref028]\]. One possibility is that the non-physiological conditions caused by T cell transfer into T cell deficient mice, and the non-specific effects of total Treg cell depletion led to the enhanced Tfh and GC B cell responses observed in earlier studies of Tfr cells.

With Stat3FC mice, we see increased production of SRBC-specific IgG antibodies, without a change in SRBC-specific IgA. This contrasts with Bcl6FC mice, where we observed decreased SRBC-specific IgG and increased SRBC-specific IgA along with decreased Tfr cells \[[@pone.0155040.ref028]\]. The reason for this difference is not yet clear, but likely relates to how Stat3-dependent Tfr cells act on Tfh cells compared to Bcl6-dependent Tfr cells. With Bcl6FC mice, we observed increased cytokine production from Tfh cells, whereas this was not observed in Stat3FC mice (data not shown). The increased cytokines made by Tfh cells in Bcl6FC mice likely can explain the altered IgG and IgA responses in these mice. A skewing from IgG to IgA responses may explain the decreased IgG in Bcl6FC mice. Why loss of Tfr cells in Bcl6FC mice, but not in Stat3FC mice, leads to alterations in cytokine production by Tfh cells requires further in-depth study. Overall, Tfh cells appear to be regulated in slightly different ways by Stat3-dependent Tfr cells versus Bcl6-dependent Tfr cells. However, our data are consistent in showing that Tfr cells do not significantly control the proliferation of Tfh and GC B cells in the GC reaction, but rather that Tfr cells regulate the production of antibodies by GC B cells, and that Tfr cells regulate the production of specific Ig isotypes.

Recent reports revealed that Tfr cells derived from Treg cells, and Tfh cells derived from Treg cells or Th17 cells are important for healthy microbiota in the gut, by supporting the production of diverse IgA Abs \[[@pone.0155040.ref024], [@pone.0155040.ref025]\]. However, we did not see any changes of total IgA+ GC B cells in PP from Stat3FC mice. Since Tfr cells in the PP can regulate the diversity of gut microbiota via modulation of antigen specific IgA \[[@pone.0155040.ref038]\], we evaluated the impact of loss of Tfr cells in PPs on gut microbiota in Stat3FC mice. We collected cecal contents from WT and Stat3FC mice to analyze the gut bacterial composition by 16s rRNA sequencing. However, we were not able to detect a significant difference in bacterial diversity in the gut in Stat3FC mice using this approach (data not shown).

In summary, our study demonstrates the important role of Stat3 in Tfr cell differentiation. We show that Stat3 in Treg cells is required for the suppression of antigen-specific antibody production, whereas Tfr cells do not regulate the sizes of Tfh and GC B cell responses. Further research on the role of Stat3 and Bcl6 in Treg cells on the regulation of humoral responses by Tfr cells is warranted.
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###### Basal titers of serum IgM, IgG1, IgG2b, IgG2c and IgG3 are not altered in Stat3CD4KO mice.

Serum samples from unimmunized control and Stat3CD4KO mice were collected. IgM, IgG1, IgG2b, IgG2c and IgG3 titers are shown. The X-axis shows the dilution factors. Graphs show mean +/- SEM, n = 3. No significant differences in basal Ig isotype levels were observed by two-way ANOVA.

(TIF)

###### 

Click here for additional data file.
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